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Lynne Raymond, 1 Cynthia Favara, 1 Gerald Baron, 1 Suzette Priola, In prion and Alzheimer's diseases, the roles played by amyloid versus nonamyloid deposits in brain damage remain unresolved. In scrapie-infected transgenic mice expressing prion protein (PrP) lacking the glycosylphosphatidylinositol (GPI) membrane anchor, abnormal protease-resistant PrPres was deposited as amyloid plaques, rather than the usual nonamyloid form of PrPres. Although PrPres amyloid plaques induced brain damage reminiscent of Alzheimer's disease, clinical manifestations were minimal. In contrast, combined expression of anchorless and wild-type PrP produced accelerated clinical scrapie. Thus, the PrP GPI anchor may play a role in the pathogenesis of prion diseases.
Transmissible spongiform encephalopathies (TSEs) or prion diseases (1) include CreutzfeldtJakob disease (CJD) in humans, bovine spongiform encephalopathy or Bmad cow dissease[ in cattle, scrapie in sheep, and chronic wasting disease in deer and elk of North America. These diseases are similar to nontransmissible protein deposition diseases, such as the systemic amyloidoses and Alzheimer_s disease, where a host-derived protein is misfolded and persists in an aggregated form that may damage nearby cells. Amyloid may be present in all these diseases; however, there are important differences among these disease families. In systemic amyloidoses, amyloid deposits in organs appear to be directly pathogenic (2) , whereas in Alzheimer_s disease, pre-amyloid forms (rather than amyloid itself) may be the major neuropathogenic moiety (3, 4) . In prion diseases, amyloid formation is variable and may contribute to pathogenesis (5) . The host protein involved in misfolding and amyloid formation is PrP (6, 7) , and PrP is required for susceptibility to disease as well as replication of infectivity (8) . After infection, normal protease-sensitive PrP (PrPsen) is converted to an aggregated partially proteaseresistant structure (PrPres or PrP Sc ) (9) associated with brain pathology. Three basic patterns of PrPres deposition are found in prion diseases: diffuse Bsynaptic[ nonamyloid deposits, coarse perivacuolar deposits, and dense plaque-like amyloid deposits (10, 11) . However, the relative roles of these PrPres forms in brain tissue damage are unknown. In most cell types, the majority of PrPsen is expressed as a GPI-linked cell surface glycoprotein (12) , but the role of this GPI membrane anchor in TSE disease is unclear. In cell-free experiments, PrP lacking the GPI moiety (Banchorless PrP[) can be converted to the PrPres form (13, 14) . However, in scrapieinfected cells, absence of the GPI moiety reduces conversion (15, 16) , which suggests that conversion involves membrane-bound GPI-linked PrP. However, redirecting PrP to clathrin-coated pits on the plasma membrane by fusing PrP to a transmembrane domain blocks conversion to PrPres (17) . Thus, GPInegative (GPI -) PrP might facilitate or inhibit susceptibility to TSE infection in vivo. Here, we tested the role of the PrP GPI anchor in scrapie infection and disease in transgenic mice expressing only GPI -PrP.
Generation of GPI-negative PrP transgenic mice. The transgene was constructed by modifying the ''half-genomic'' mouse PrP plasmid pHGPrP ( fig. S1 ) (18) . Two transgenic (Tg) lines expressing the highest amounts of PrP (Tg23 and Tg44) were selected for experiments. In brains of Tg23 and Tg44 lines heterozygous for the transgene, PrP mRNA expression was half that in C57BL/6 control mice. Organ extracts were also analyzed for PrPsen expression. In brain, PrPsen levels were about one-fourth that in controls, and PrP was also noted in several other tissues (Fig. 1A) . The protein was mainly in the unglycosylated form. In neurons isolated from Tg44 mice, PrP was not located on the cell surface, as is the case with GPI-linked PrP (Fig. 1B) . However, levels of intracellular PrP in these mice were similar to controls, indicating that PrP did not accumulate abnormally in these cells. In floatation gradients using brain tissue, GPI -PrP did not float with raft fractions, in contrast to wild-type GPIlinked PrP ( fig. S2 ). In cell lines, GPI -PrP was not detectable on the plasma membrane ( fig. S3 ) but appeared in the endoplasmic reticulum and Golgi complex, and was secreted into the medium (19) . Thus, GPI -PrP differed markedly from wild-type PrP in subcellular localization and processing.
Infection with three scrapie strains. To study the susceptibility of GPI -PrP Tg mice to scrapie infection, we inoculated Tg mice and non-Tg controls intracerebrally at 6 weeks of age with scrapie brain homogenate containing 0.7 Â 10 6 to 1.0 Â 10 6 ID 50 (where ID 50 is the dose causing disease in 50% of animals). Three scrapie strains [RML (Chandler) , ME7, and 22L] (20, 21) were tested to assess straindependent differences. Mice were observed daily for typical clinical signs of scrapie, including altered gait, kyphosis, ataxia, disorientation, somnolence, and wasting (Table 1) . Clinical disease occurred within 140 to 160 days in control mice homozygous for endogenous wild-type mouse PrP, and within 240 to 260 days in heterozygous control mice. In contrast, in Tg23 and Tg44 mice, no clinical signs were observed after 600 days with the RML strain or 400 days with the ME7 strain. Two 22L-infected mice from line 23 developed a wasting syndrome without neurological signs and died at 370 days. Two other mice in this group showed no symptoms of disease after more than 550 days (Table 1) , whereas 22L-infected mice from line 44 showed no symptoms after more than 440 days. Thus, the wasting syndrome in line Tg23 was unlikely related to scrapie infection. In summary, scrapie infection failed to induce the usual clinical manifestations of prion disease in these Tg mice.
Replication of scrapie agent. these Tg mice could replicate the scrapie agent. Therefore, scrapie-infected and mockinfected Tg mice were killed 20 to 291 days after inoculation, and brain samples were analyzed for infectivity. By titration in C57BL/6 mice, mock-infected Tg mice had no detectable infectivity. Infected Tg mice also had no detectable infectivity in brain (G500 ID 50 per brain) at 20 to 30 days after infection. In contrast, at 120 to 291 days after infection, scrapie-infected Tg mice had titers ranging from 2 Â 10 6 to 4.6 Â 10 8 ID 50 per brain (Table 2 ). This increase represented substantial scrapie replication relative to the amount inoculated (10 6 ID 50 ) and was more than five orders of magnitude higher than the level in brain at 20 to 30 days (Table 2 ). However, the highest titer seen was still about one-tenth the usual titer in non-Tg mice with clinical scrapie.
Because PrP sequence differences are known to influence relative susceptibility to scrapie infection, we also tested whether titration of infected Tg brain homogenates might be more sensitive if done in Tg mice. However, the Tg mice proved to be less sensitive than wild-type mice in these titrations, because none of the eight mice developed PrPres or became ill during 500 days of observation.
Detection of PrPres. To determine whether disease-associated PrPres was present, we examined brain homogenates of infected Tg mice by immunoblotting after treatment with proteinase K (PK). Mock-infected mice showed no development of PrPres up to 500 days. In contrast, mice infected with RML scrapie had detectable PrPres by immunoblot starting at day 213, and the signal continued to increase over the ensuing months (Fig. 1, C and D) . Several Tg mice inoculated with RML scrapie had up to 40% more PrPres than usually found in the brains of clinically sick scrapieinfected non-Tg control mice (Fig. 1C) . Thus, the lack of clinical signs of scrapie suggested that PrPres in these mice had a reduced level of toxicity.
Comparison of PrPres from Tg and nonTg mice revealed similar resistance to PK digestion and a similar decrease in molecular mass of 6 to 7 kD after PK treatment, consistent with cleavage around residue 89 ( Fig. 1E ) (7, 22, 23) . In some familial human prion diseases, PrP molecules present in PrPres are also truncated at the C terminus (24) . However, analysis with antibodies directed to C-terminal PrP residues showed no evidence for truncation (Fig. 1F) . After removal of carbohydrates with peptide:N-glycosidase F (PNGase F), the predominant PrP band seen was a fragment extending approximately between residues 89 and 231.
Detection of PrPres amyloid in brain tissue. In prion diseases, the deposition pattern and location of PrPres in brain are important aspects of the pathogenic process. To assess brain PrPres deposition, we examined scrapie-infected Tg mice histologically. Dense plaque-like PrPres deposits were detected in the corpus callosum as early as 70 days after infection with scrapie strain RML ( Fig. 2A) . From day 213 onward there was a progressively wider distribution of PrPres deposits extending to the cerebral cortex, hippocampus, fimbria, hypothalamus, and forebrain (Fig. 2 , B to D). PrPres was often near blood vessels (Fig. 2B, inset) and accumulated in dense deposits (Fig. 2E, right) , unlike the diffuse PrPres seen in scrapie-infected non-Tg mice (Fig. 2E,  left) . By 419 days after inoculation, vacuolation typical of prion disease was seen in white matter areas (Fig. 2F) . After 22L infection, dense PrPres plaques were found not only in the corpus callosum (Fig. 2G) but also in the cerebellum and brainstem (Fig. 2H) (fig. S3 ). The ability of strain 22L to infect the cerebellum was also noted in non-Tg mice; this appeared to be a strain-specific property (25) not altered by the presence or absence of PrP an- (table S1) .
Because the dense deposits of PrPres appeared to be plaque-like in nature, brains of infected mice were stained with thioflavin S to test for amyloid plaque formation. Tg mice infected with RML, 22L, or ME7 scrapie strains showed very bright staining with thioflavin S in all areas positive for PrPres (Fig. 2,  I and J), whereas PrPres in non-Tg mice infected with these same strains was negative. Thus, PrPres in Tg mice appeared predominantly in the form of amyloid plaques, in contrast to PrPres in non-Tg control mice where minimal amyloid was found.
Electron microscopic studies. To confirm that the thioflavin S staining seen by light microscopy was associated with fibrillary protein deposits typical of amyloid, we used electron microscopy to examine brains of scrapie-infected Tg mice. After infection of Tg mice, ultrastructural abnormalities were seen in both gray and white matter, whereas uninfected and mock-infected Tg mice were identical to control mice. Abundant deposition of amyloid fibrils was observed both in and around vascular endothelial cells and was associated with hypertrophic contorted basement membranes (Fig. 3, B and C) . Furthermore, in the corpus callosum, swollen dystrophic nonmyelinated axons containing abnormal lysosomes and other electron-dense bodies were found in the plaque regions (Fig.  3E) . At the ultrastructural level, these lesions in scrapie-infected Tg mice were similar to lesions found in b-amyloid (Ab) plaques of human patients with Alzheimer's disease or mouse models of Alzheimer's (26, 27) .
Coexpression of wild-type PrP and GPInegative PrP accelerates scrapie disease. Previously, coexpression of a secreted PrP fusion protein plus wild-type PrP delayed scrapie disease in mice (28) . Because PrP expressed in GPI -PrP Tg mice is also secreted from cells and is converted in cell-free reactions (13), we tested whether inhibition of scrapie would occur in mice coexpressing wild-type and GPIPrP. After infection with strain 22L, non-Tg mice expressing only a single copy of the wild-type PrP gene died within 241 to 257 days. However, mice heterozygous for expres- sion of both wild-type PrP and GPI -PrP died within 156 to 192 days (Fig. 4A) , and brains of these mice appeared to have PrPres generated from both PrP types (Fig. 4B) . Thus, anchorless PrP accelerated rather than inhibited scrapie disease. The brains of these mice showed severe vacuolation plus a combination of diffuse PrPres and plaque-like PrPres, with a wider distribution of plaque-like PrPres than in mice expressing only anchorless PrP ( fig. S3 ). The presence of both wild-type and anchorless PrP appeared to enhance the spread of both the amyloid and nonamyloid forms of PrPres.
Discussion. Deletion of the mouse PrP GPI anchor markedly changed the quality of PrPres found in brain, causing a shift from the usual diffuse or punctate nonamyloid pattern to a pattern with thioflavin S-positive PrPres amyloid. Thus, the GPI moiety might interfere with the ability of PrP to form amyloid fibrils. Possibly GPI-mediated PrP membrane attachment might account for this inhibition, or the GPI group might itself block the refolding necessary for amyloid formation. Alternatively, b-sheet structure and amyloid formation might be favored because GPIPrPsen mostly lacks carbohydrates. PrP amyloid found in humans with familial prion disease also lacks the GPI anchor and carbohydrates, but this amyloid PrP is truncated at both N and C termini, including removal of the entire second and third a helices (24, 29) . In contrast, the PrP amyloid found in Tg mice had no evidence for C-terminal truncation (Fig. 1F) . Thus, the removal of the residues forming these helices was not as important as lack of the GPI group and the carbohydrates for PrP amyloid formation in vivo.
PrP is a required element for the replication of scrapie infectivity and development of disease (8) . The present Tg mouse model has separated these aspects, as the GPI group of PrP strongly influenced the development of clinical disease with a lesser impact on agent replication. In GPI -Tg mice, replication of infectivity occurred despite changes in the clinical disease and the type of PrPres deposits. However, relative to clinically ill wild-type mice, the amount of infectivity detected was reduced by nearly a factor of 10. These lower titers were not due to the presence of a new scrapie ''strain'' with a preference for mice expressing GPI -PrP, because attempts to pass scrapie from Tg mice to recipient Tg mice were not successful. Thus, although the GPI anchor was not essential for replication of infectivity, the efficiency of replication in the context of anchorless PrP was reduced.
The lack of clinical disease induced by RML scrapie in the presence of PrPres amyloid and replication of scrapie infectivity is perhaps the most surprising aspect of the current Tg mouse model. PrP amyloid plaques did not cause a rapid fatal clinical disease similar to typical scrapie. Apparently, wild-type diffuse PrPres or its breakdown products are more toxic to brain function than is the amyloid PrPres seen in GPI -PrP Tg mice. A similar hypothesis has been proposed for Alzheimer's disease where smaller Ab protofibrils or peptides, rather than plaques, are thought by some to be the major pathogenic moieties (3, 4) . Alternative- ly, the lack of normal membrane-anchored PrPsen in GPI -PrP Tg mice might reduce delivery of neurotoxic signals after PrPres formation (30, 31) . However, PrP-negative neurons can be damaged and killed indirectly by PrPexpressing astrocytes infected with scrapie strain 263K (32) , although this process appears to be slower than when PrP-positive neurons are present (33) .
The localization of the PrPres fibers and plaques around vascular endothelial cells in this model is similar to the PrP145 stop codon familial prion disease (34) . We found amyloid fibrils both within endothelial cells and in adjacent extracellular locations, accompanied by basement membrane alterations (Fig. 3, B and C) . Surprisingly, there was no evidence for increased expression of the transgene in brain endothelial cells (fig. S4 ). However, proteoglycans derived from endothelial cells might contribute to the observed perivascular deposition of PrPres, because sulfated proteoglycans similar to those present in basement membrane are known to bind PrPsen (35) and PrPres (36, 37) and can even potentiate PrP conversion in vitro (38, 39) .
Despite the absence of obvious clinical disease, amyloid PrPres in brains of GPIPrP Tg mice was associated with definite neuropathological lesions. By electron microscopy, dystrophic neurites were seen in association with amyloid fibrils and plaque-like lesions similar to Alzheimer's disease (26) (Fig. 3D) . Because lesions were found primarily in the corpus callosum and only later in other areas, the lack of symptoms may be related to the locations of the lesions. Perhaps, beyond our current observation time of more than 600 days, extension of the 22L scrapie-induced lesions in the cerebellum or brainstem might produce more obvious symptomatology. *This titration was initiated later and is still in progress. The titer given may be higher if more mice get sick at later times.
.C57BL mice inoculated with brain homogenate from this 22L-infected GPI -PrP Tg mouse developed scrapie pathology and Western blot PrPres patterns similar to that induced by the original 22L scrapie preparation.
-Single mice were killed at 330 and 500 days after infection and were negative by Western blot for PrPres. Three mice remained alive at 543 days with no signs of disease. Table 1 . Detection of clinical disease in scrapie-inoculated GPI -PrP Tg mice and non-Tg control (WT) mice. In proportions shown, the numerator is the number of mice developing clinical disease per total number of mice injected. The denominator represents the total number of mice under observation at the times indicated; this number was decreased at the times when mice were killed and was increased by inoculation of new mice in later experiments. WT non-Tg mice were either C57BL/6 or C57BL/10 mice. RML scrapie*  22L scrapie  ME7 scrapie  Days  Tg23  Tg44  Tg50  WT  Tg23  Tg44  WT  Tg23  Tg44 .These two mice developed a wasting syndrome without accompanying neurological signs, and they died at 370 days after inoculation.
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